In this study we describe the degradation of groundwater quality in the Sichuan Basin, one of the most heavily populated and industrialized areas in China. We analyzed the major element chemistry and stable isotopic ratios of H, O, and S from groundwater and surface-water samples collected from four cities along the Minjiang and Yangtze Rivers. On the basis of these data, we examined the sources and downstream variations in groundwater pollutants in relation to increasing human activity in the basin. Ca 2+ and HCO 3 -were the dominant ions within groundwater analyzed in this study, although the proportions of Cl -and SO 4 2-+ NO 3 -progressively increased from the source area downstream along the Minjiang River to the Yangtze River. The degradation of groundwater quality was due to anthropogenic sulfur and nitrogen contamination within the basin. Sulfate δ 34 S values indicated that the primary source of sulfur in contaminated groundwater was air pollutants derived mainly from the combustion of coal, while contamination by household detergents and industrial waste acted to increase SO 4 2-concentrations further downstream. Fertilizer also contributed to elevated SO 4 2-concentrations; however, the area affected by fertilizer contamination was small in comparison with the area affected by other pollutant sources.
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Keywords: Sichuan Basin, sulfate and nitrate ions, sulfur isotopes, groundwater pollution, pollutant sources tion of soluble SO 4 2-and S 2-minerals in sedimentary rocks, residential waste, and atmospheric, industrial and agricultural sources. The sulfur isotopic composition of SO 4 2-in water reflects the isotopic composition of the sulfur source and can therefore be used to differentiate between naturally occurring SO 4 2-and that derived from human activities. On this basis, researchers in Europe and America have carried out extensive investigations into the sulfur isotopic composition of environmental SO 4 2-(e.g., Stam et al., 1992; Novak et al., 1996; Ingri et al., 1997; Yang et al., 1997; Pichlmayer et al., 1998; Moncaster et al., 2000) . Similar investigations in East Asia are relatively rare (Ohizumi et al., 1997; Dai et al., 2002; Xiao and Liu, 2002; Yu and Park, 2004) .
In our previous study, we used sulfur isotope ratios to identify the pollutant sources of groundwater in the source area of the Minjiang River and the densely populated city of Dujiangyan located alongside the upper reaches of the river (Li et al., 2006) . The results of this earlier study demonstrated that the source area of the Minjiang River (indicated in Fig. 1 ) was relatively pollution-free, as there were no industrial plants located close to the source area. SO 4 2-and NO 3 --N concentrations in groundwater in this area were generally very low (<10 mg/L and <1 mg/L, respectively), and high concentrations of those compo-
INTRODUCTION
The Sichuan Basin, southwestern China, is one of the most heavily populated and intensely industrialized areas in China and faces serious environmental pollution problems (Streets and Waldhoff, 2000) . The basin represents about 2% of the total area of China and contains >10% of the national population, which is concentrated in the large cities of Chengdu, Leshan, Yibin, Luzhou, and Chongqing located along the Minjiang and Yangtze Rivers (Fig. 1) . Waste discharge from residents, industry, and agriculture results in direct contamination of local groundwater and surface-water systems in this overpopulated region. Rapid economic growth and increasing energy demands have led to severe air pollution resulting in acid depositions related to the large amount of coal consumed in the basin. The acid depositions, mainly sulfur and nitrogen oxides, also indirectly degrade the quality of groundwater and surface-water.
Sulfate is a ubiquitous component of groundwater, and is derived from a variety of sources such as the dissolu- in rainwater and groundwater (δ 34 S, +1.5 to +6.0‰) indicated that the SO 4 2-was mostly derived from the air pollutants. The high concentrations of NO 3 --N in the same samples provided additional evidence that the contamination originated largely from air pollutants that were emitted into the atmosphere from within the basin.
Downstream of Dujiangyan, toward the center of the Sichuan Basin, domestic, industrial and agricultural activity becomes progressively more intensive. Accordingly, anthropogenic pollutants discharged from these activities place greater pressure on environment preservation in the basin. The quality of groundwater and surface-water is worsening over time (SEPA, 2005) .
To examine the sources of groundwater pollutants and downstream variation in pollutants in relation to increasing human activities in the basin, in the present study we analyzed the major element chemistry and stable isotopic ratios of H, O and S for groundwater and surface-water sampled from four cities along the Minjiang and Yangtze Rivers within the Sichuan Basin. We also determined the sulfur isotopic ratios of local rainwater, coal, chemical fertilizer, and domestic detergent to compare with values from groundwater and identify the pollutant sources.
GEOLOGICAL AND GEOGRAPHICAL SETTING AND SAMPLE LOCATIONS
The Sichuan Basin is an intracratonic sedimentary basin (Zhou et al., 1997) filled with a 5-11 km thickness (Zhou and Li, 1992) .
The Yangtze River flows along the western and southern margins of the basin (Fig. 1) , while the Daduhe River flows through the northwest of the basin to join the Minjiang River at Leshan City. The Minjiang and Jinshajiang Rivers join the Yangtze River at Yibin City. The Tuojiang River flows from north to south within the basin, and joins the Yangtze River at Luzhou City.
Average annual temperatures within the cities of Leshan, Yibin, Luzhou, and Chongqing are in the range 16.0 to 18.0°C, while annual precipitation is 1,000-1,200 mm, concentrated in the summer months of May to September (National Climatic Data Center, 2003) . Fertile soils and abundant rainfall provide good agricultural land for growing rice and wheat. Water samples analyzed in this study were collected from the suburban areas of Leshan, Yibin, Luzhou, and Jiangjin (near Chongqing) cities (Fig. 1) . In rural communities such as those in the study area, where there is no centralized water supply, the major source of drinking water is local groundwater, generally drawn from springs or private wells drilled close to individual residences or farmland. There is also no system of sewers, and household wastewater is widely stored in cesspools or disposed of in the outside environment. As most of the water wells are shallow (less than 10 m deep), they are easily affected by contaminants originating from human activities.
SAMPLING AND ANALYTICAL METHODS

Samples and pretreatment in the field
Groundwater samples were collected from springs and wells used for domestic and agricultural purposes at the end of the dry (March, 2004) and rainy (September, 2004) seasons. Samples of rainwater were collected in a container which was covered with a funnel and left exposed for a period of one month. Six rainwater samples were collected at Leshan, six at Yibin, five at Luzhou, and nine at Jiangjin; locations are shown in Fig. 1 .
After filtration through a 0.45-µm membrane filter (ADVANTEC, A045A047A) in the field for removing suspended particles including microorganisms, water samples were stored in two bottles: one of which was acidified with 1:1 HCl (for the analysis of cations) and one that was untreated (for the analysis of anions, hydrogen, and oxygen isotopes). An additional aliquot of 1~2 L of water was sampled, to which 10~20 mL of 1:1 HCl was added for preparation for S isotope analysis; the sample was filtrated later in the laboratory.
Samples of locally consumed coal, fertilizer, and domestic detergents were also collected at the four sampling sites. The sampled fertilizers were ammonium bicarbonate (NH 4 HCO 3 ), carbamide (CO(NH 2 ) 2 ), and superphosphate (Ca(H 2 PO 4 ) 2 ·H 2 O + CaSO 4 ), all of which are commonly used in local areas.
Analytical methods
Immediately following sampling, we measured water pH, DO, EC in the field using 6066-10C, 9551-20D and 9382-10D HORIBA electrodes, respectively. Groundwater temperature was measured simultaneously by each electrode. Alkalinity (counted as HCO 3 -) was determined in the field by titration with hydrochloric acid. Ca 2+ and Mg 2+ concentrations were determined in the laboratory by EDTA titration. Na + and K + were analyzed by atomic absorption spectrophotometry (SAS7500, Seiko Instruments), and anions (F -, Cl -, Br -, NO 3 --N, PO 4 3-and SO 4 2-) analyzed using an ion chromatograph (DX-120, DIONEX). The analytical precision for cations and anions was better than 5% relative standard deviation (RSD).
The oxygen isotope composition of water was measured using the automated CO 2 /H 2 O equilibration method originally developed by Epstein and Mayeda (1953) ; analytical precision for this method is <0.1‰ for δ 18 O. Hydrogen isotope analysis was carried out using the Cr-reduction method (Itai and Kusakabe, 2004) , which has an analytical precision for duplicated samples of <0.5‰.
Sulfate-sulfur isotopes were measured for SO 4 2-ion fixed as BaSO 4 . Twenty grams of fertilizer or two grams of detergent were dissolved in 500 mL of pure water and acidified with 5 mL 1:1 HCl. Two grams of coal were used for combustion at 900°C in a train as described by Nakai and Jensen (1967) and Ohizumi et al. (1997) ; the resulting gases were oxidized in a 3% H 2 O 2 solution to form SO 4 2-. Dissolved SO 4 2-was then recovered by BaSO 4 precipitation collected on a 0.45 µm Millipore membrane filter and dried in an oven at 60°C for 2 hours. The BaSO 4 was thermally decomposed to SO 2 according to the method described by Yanagisawa and Sakai (1983) ; analytical precision for δ 34 S was <0.2‰. A VG SIRA10 mass spectrometer was used to measure δD and δ 34 S isotopic ratios, while δ 18 O was measured using a VG PRISM mass spectrometer. Results are expressed using the standard delta notation with reference to the V-SMOW scale for δD and δ (Fig. 2) . The proportion of Na + + K + increased from Dujiangyan to Chongqing (Fig. 3) .
RESULTS
Major chemical compositions
The relationship between SO 4 2-and NO 3 --N concentrations in groundwater is shown in Fig. 4 -commonly exceeded that of alkalinity (Fig. 2) . Bromide ions were commonly detected in the groundwater samples, especially in samples from Luzhou and Chongqing.
Anion concentrations were generally higher in March than in September, but the opposite trend was also observed, especially in Yibin. Thus, seasonal variations in water chemistry are not easily understood. The two components SO 4 2-and NO 3 --N did not show a good linear correlation (Fig. 4) , indicating two or more different sources for these pollutants.
Hydrogen and Oxygen isotope data
The δ 
Table 1. Ranges of chemical parameters in groundwater from the Sichuan Basin (mg/L)
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Appendix 5. The confluence of different branches was described using the δ 18 O values of samples collected in March. At Leshan, the δ 18 O of samples from the Daduhe River and the Minjiang River above the junction were -13.3‰ and -9.9‰, respectively. The δ 18 O of water below the junction of these two rivers was -11.2‰ ( Fig. 1) . At Yibin, the δ 18 O of Jinshajiang River and Minjiang River samples was -13.8‰ and -8.4‰, respectively. Below the junction, the δ 18 O of Yangtze River water was -12.8‰, indicating that the flux of water from the Jinshajiang River represented about 80% of the total flux in the Yangtze River ( Fig. 1) . At Luzhou, δ
18 O values in Yangtze River samples were -12.8 and -12.7‰ before and after mixing, respectively, with Tuojiang River water, which had a δ 18 O value of -8.3‰; this indicated that the flux of water from the Tuojiang River comprised only 3% of the total flux in the downstream Yangtze River (Fig. 1) . The δ
18 O values of river water samples taken in March were higher than those of samples collected in September. The δ 18 O and δD values of rainwater samples are shown in Appendix 6. The data showed distinctive monthly variation at all four sample sites: isotopic ratios were high during May and low during July and August.
The ranges in δ 18 O and δD values from groundwater samples are shown in Table 2 , while detailed data are shown in Appendices 1-4. There were no seasonal variations apparent in δ 18 O and δD values from groundwater samples from the Leshan and Yibin sites, whereas maximum variations in δ 18 O and δD values occurred in groundwater samples from the Luzhou and Chongqing sites (Table 2). When plotted in a classical δ 18 O vs. δD diagram (Fig. 5) , the groundwater data plot close to the global meteoric water line (Craig, 1961) , indicating a meteoric origin with only minor evaporation. The δ 18 O and δD values of local rainwater and river water are also plotted in Fig. 5 . At each of the sample sites, the δ 18 O and δD values of groundwater lie between those of rainwater and river water. Although the rainwater samples were not collected over an entire year, rainwater and river water should have been the two main recharging sources for the studied groundwater. The contribution of local rainwater was greater in downstream cities.
Sulfur isotope data from water samples
The δ 34 S of river water ranged from +7.8 to +13.6‰ for samples collected in March, and from +5.4 to +8.4‰ for samples collected in September (Appendix 5). The highest values of δ 34 S (+12.0 ~ +13.6‰ in March and +6.9 ~ +8.4‰ in September) were found in the Minjiang River. The δ 34 S values of river water were consistently about 2‰ lower in September than in March. Most river water had a higher δ 34 S value than rainwater collected from the same site. The δ 34 S of rainwater was within the range +3.0 to +5.6‰ at Leshan, Yibin and Chongqing, and +1.7‰ and +1.9‰ at Luzhou (Appendix 6). These values overlap with δ 34 S values from rainwater collected at Dujiangyan (Li et al., 2006) .
The range in δ
34 S values from groundwater samples is shown in Table 2 , while detailed data are shown in Appendices 1-4. The proportion of δ 34 S values in different ranges is also presented in concentrations. These samples were collected from deep wells and springs in which δ 34 S values ranged from +14.7 to +20.7‰ and SO 4 2-concentrations were higher than 200 mg/L (Fig. 6) . A hotspring from a Lower Triassic formation, sampled beside the riverbed of the Yangtze River in Chongqing, had a high SO 4 2-concentration (726 mg/L) and the highest δ 34 S values (+31.5‰).
Sulfur isotopic data from coal, detergent and fertilizer
While 42 fertilizers were sampled in the study area, SO 4
2-was present in 8 superphosphate fertilizers. The Degradation of groundwater quality in the Sichuan Basin, China 315 δ 34 S values of these fertilizers varied from -5.6 to +7.7‰ (average -0.8‰, n = 8; Fig. 7) .
We purchased samples of the 8 brands of domestic detergents widely used in the study from local markets. The δ 34 S values of SO 4 2-dissolved in these detergents ranged from +15.2 to +17.2‰ (average +15.9‰, standard deviation ± 0.6‰, n = 8; Fig. 7) . The δ 34 S values of sulfur from 17 of the 19 coal samples was in the range -6.1 to +7.4‰, with two samples recording extraordinary high values of +16.6 and +30.7‰ (Fig. 7) . The average δ 34 S for the coal samples was +3.2‰, and the median was +2.9‰. The average and median values were lower than those of coal from northern China, which are +7.7‰ and +5.1‰, respectively (Table 3) . Hong et al. (1992) measured the sulfur isotopic ratios of Chinese coal and confirmed wide variations within different regions, while Maruyama et al. (2000) reported relatively low sulfur isotopic ratios for southern Chinese coal, consistent with the results of the present study.
DISCUSSION
Anthropogenic inputs of anions
Groundwater pollution was greater than that of river water. The source areas of the Minjiang, Daduhe, and Jinshajiang Rivers are mountainous areas with altitudes >3,000 m and low population density. Precipitation in these areas is >2,000 mm (National Climatic Data Center, 2003) and the surface water is pollution-free. In contrast, groundwaters analyzed in the present study were collected from shallow aquifers (mostly less than 10 m depth) that are easily affected by contaminants resulting from human activities.
The proportions of SO 4 2-+ NO 3 -and Cl -within groundwater gradually increased from the river source area toward the downstream areas of the Minjiang River at Leshan, while values of Cl -increased markedly downstream of Luzhou (Fig. 2) . Cl ions do not participate in weathering reactions and behave conservatively through the hydrological cycle; they can therefore be used as an atmospheric-input reference in many unpolluted hydrosystems (Négrel, 1999) , however they can also result from household sewage, animal manure, and degradation of organic wastes (e.g., Sherwood, 1989) . High Cl -and Na + concentrations were commonly found in well water sampled from the inside of or beside farmhouses. The Cl -content of such water mainly ranged from 10 to 150 mg/L (Fig. 8) . As with Cl -, Na + showed a wide range of concentrations, and when plotted against Cl - (Fig. 8 ), those samples that align on the 1:1 line (molarity ratio) indicated that both elements might have been sourced from household sewage that contains table salt. Data to the right of the 1:1 line are deduced by a significant Cl input (Négrel and Pauwels, 2004) , while those to the left suggest Na input, generally related to silicate weathering and cation exchange (Fig. 8) . Despite the large distance from the ocean (ca. 700 km.), rainwater often has ratios of Cl -/Na + higher than 1.0 (Fig. 8) ; this indicated that a certain amount of Cl -was probably derived from atmospheric pollutants along with SO 4 2-and NO 3 -. High Cl -values in rural groundwater would result from degradation of Cl -bearing organic waste along with mineralized organic component; these sources leave residual Cl -after dechlorination (Gooddy et al., 1998; Thomas et al., 2001) . Degradation of groundwater quality in the Sichuan Basin, China 317 sulfur content of up to 2.8% (Larssen et al., 1999) . Large amounts of coal combustion lead to increased atmospheric sulfur deposition and acid rain (Streets and Waldhoff, 2000) . A number of rainwater samples recorded SO 4 2-concentrations in excess of 30 mg/L and pH <4.0 (Appendix 6). Oxidized sulfur compounds occur in a variety of solid, liquid, and gaseous phases, which finally deposit on the soil surface via either dry or wet fallout processes. High sulfur deposition inevitably affects the quality of groundwater and surface-water within the basin. Fertilizers (superphosphate) and sodium sulfonate widely contained in domestic detergent are the other sources of anthropogenic sulfur; these will be discussed in the next section in terms of sulfur isotopes.
Sulfur sources
The δ 34 S values of groundwater samples are shown in Fig. 7 , along with values from rainwater and locally consumed domestic detergent, fertilizer and coal.
Sulfur isotopic compositions cannot always be used as conservative tracers to discriminate different potential sources in contaminated groundwater, as sulfur isotopic producer and consumer of nitrogen fertilizer in the world. The amount of nitrogen fertilizer consumed in the Sichuan Basin also increased over the same period (Chen et al., 2000; Zhu and Chen, 2002) . Heavy use of nitrogen fertilizer (urea and ammonium bicarbonate) with low fertilization efficiency is often responsible for high effluence of nitrogen from soil and NO 3 -overloading in groundwater (Liu et al., 2005) . Therefore, NO 3 -leached from agricultural soils increased NO 3 --N concentrations to a level in excess of the Chinese drinking water standard of 10 mg/L; this resulted in the deterioration of underlying groundwater quality in the study area. Other sources of farm manure, such as animal excrement and septic tanks, might be also linked to the elevated NO 3 --N concentrations. Nitrate from nitrogen-oxidized matter within atmospheric pollutants produced by traffic exhausts is another potential anthropogenic input to groundwater. It would be possible to estimate the source of NO 3 -more precisely when nitrogen isotope ratios have been measured.
Anthropogenic sulfates in groundwater are largely derived from SO x produced by the combustion of fossil fuel. Coal consumed in the Sichuan Basin had an average 
S values of sulfate in groundwater from the Sichuan Basin. Plots are arranged corresponding to the sampling areas in order from upstream (left) to downstream (right). The δ 34 S values of local detergent, fertilizer, rain, and coal are included for comparison. "n" denotes the number of samples (e.g., n = 8). The data of source area and Dujiangyan are from Li et al. (2006).
composition can be modified by bacterial sulfate reduction (Spence et al., 2001 ) that generally takes place in anaerobic environments (Strebel et al., 1990) . In the present study, groundwater was commonly sampled from open and shallow wells where the amount of dissolved oxygen was always sufficient to negate the possibility of bacterial sulfate reduction.
Rainwater analyzed in this study recorded a δ 34 S range of +1.5 to +6.0‰, which overlapped with the average δ 34 S value from coal of +3.2‰ (Appendix 6; Table 3; Fig. 7 (Fig. 7 ). δ 34 S values of SO 4 2-from industrial effluent from leather tanning plants and paper mills ranges from +10.0 to +14.0‰ (Soler et al., 2002) , which indicated that SO 4 2-in the groundwater analyzed in this study could also have originated from industrial effluent.
Large amounts of agricultural fertilizer have been added to the soil of the Sichuan Basin over the past 20 years (Zhu and Chen, 2002) . The currently applied superphosphate fertilizers, which include SO 4 2-contamination from the manufacturing process, had δ 34 S values of dissolved SO 4 2-from -5.6 to +7.7‰. At Yibin, the δ 34 S values of analyzed fertilizer were positive, +7.6 and +7.7‰, similar to that of fertilizer collected in the Emeishan area (+7.1 and +8.9‰). At the other three sampling sites, the δ 34 S values of fertilizers were negative, ranging from -5.6‰ to -1.8‰, with an average of -3.6‰ (Fig. 7) . There are two major sources of SO 4 2-used in the production of synthetic superphosphate: sulfuric acid and pyrite (Moncaster et al., 2000; Vitória et al., 2004) . The distinctive dual ranges of δ 34 S values of fertilizers results from the use of two contrasting source materials. In the present study, 9% of groundwater samples had δ 34 S compositions lower than +1.5‰ (Table 2 ; Fig. 7 ). Such groundwater was probably affected by fertilizer, especially at Leshan where wells were located near farmland.
A number of groundwater samples had δ 34 S values exceeding +14.5‰ and SO 4 2-concentrations >200 mg/L (Fig. 6) . Within the Sichuan Basin, SO 4 2-is most prevalent in evaporites such as gypsum and anhydrite, and also abundant in sedimentary rocks that contain seawater trapped during the deposition of sediment (Zhou and Li, 1992; Zhou et al., 1997) . Chen and Chu (1988) The range of δ 34 S values similar to that of gypsum, combined with a low Cl -/SO 4 2-ratio, indicated that gypsum dissolution from evaporite deposits was a source of SO 4 2-in the samples analyzed in this study. This conclusion is supported by the fact that 7% of groundwater samples taken from deep wells and springs had high δ 34 S values (+14.7 to +20.7‰ and +31.5‰; Table 2 ; Fig. 6 ), along with high SO 4 2-concentrations and low Cl -/SO 4 2-ratios (average 0.10 ± 0.09, n = 13).
Degradation of groundwater quality in relation to sampling locality
Degradation of groundwater quality increases downstream, while the dominant pollutant sources change downstream along with changing land use and increasing population density.
On the basis of the proportions of cations and anions in groundwater, we deduced that groundwater quality was degraded from the source area downstream toward Chongqing (Figs. 2 and 3 ). δ 34 S values demonstrated that the degradation of groundwater quality mainly resulted from contamination by air pollutants in the upstream area around Dujiangyan, and further contamination by household wastewater and industrial effluent in downstream areas (Fig. 7) . At Yibin, Luzhou, and Chongqing, groundwater samples were more strongly contaminated by domestic pollution and recorded higher concentrations of Cl -, NO 3 --N, SO 4 2-, and Na + , while groundwater was also contaminated by industrial wastewater containing organic solvents, as Br -ions were commonly detected despite the variable concentrations of Cl -in these samples (Hudak, 2003) . At Leshan, some groundwater samples recorded δ 34 S values lower than +1.5‰ and high SO 4 2-concentrations, indicating that these samples were probably affected by agricultural fertilizer (Figs. 6 and 7) .
Although the major sources of pollutants are different in each sampling area, sulfur and nitrogen contamination have occurred widely throughout the study area. Without proper mitigation, serious groundwater pollution resulting from locally distributed waste will continue to increase. A δ 34 S study of groundwater can be utilized to investigate the sources of anthropogenic pollutants in the study area, which will in turn be useful in adopting relevant approaches to controlling these pollutions.
CONCLUSIONS
In this study we determined major element chemistry and sulfur isotopic composition of dissolved SO 4 2-in groundwater samples from the cities of Leshan, Yibin, Luzhou and Chongqing (Jiangjin) in the Sichuan Basin, China, during March and September 2004. On the basis of these data, we draw the following conclusions:
1. The major chemical composition of analyzed groundwater was characterized by Ca 2+ -HCO 3 -. The proportions of Cl -and SO 4 2-+ NO 3 -increased consistently downstream along the Minjiang and Yangtze Rivers.
2. The degradation of groundwater quality was due to anthropogenic sulfur and nitrogen. We used δ 34 S values to identify the sources of sulfur pollutants within the analyzed groundwater. Air pollutant was the dominant source of groundwater pollution in the upstream areas of the Minjiang River. However, the effects of household detergent and industrial effluent increased downstream. Agricultural sulfur was also a pollutant source, especially at Leshan, although the effects were limited to areas near farmland. on-line chromium reduction method for D/H analysis of natural waters using a conventional IRMS. 
